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A new whiff of monoallelic expression
Odorant receptor genes reveal a new case of monoallelic
expression: just one allele of one of the large number of receptor
genes appears to be transcribed in a given sensory neuron.
Until recently, only three cases of 'functional hemizygos-
ity' or 'monoallelic expression' - in which transcription
of a gene is epigenetically restricted to just one of the
two available alleles - were known in mammals, namely,
X-chromosome inactivation, parental imprinting and
allelic exclusion of immunoglobulin and T-cell receptor
loci (for reviews, see [1-6]). A recent paper by Chess,
Axel and colleagues [7] has brought to light a fourth case,
involving odorant receptor genes. Although I have heard
persisting rumours about the tremendous importance of
the olfactory sense for human sexuality, until now my
personal interest in smell did not go beyond my attempts
at gourmet cooking. Now that monoallelic expression -
one of my current obsessions - has come into play,
however, I thought it was time I learnt something about
olfaction; hence this article.
Even humans, despite their relatively poor smelling abil-
ity, can discriminate between 10000 or so different odor-
ants. Such stimuli are detected by chemosensory neurons
of the olfactory epithelium, and converted into neuronal
activity that is transmitted to the olfactory bulb. The
axons of the chemosensory neurons synapse in glomeruli
(spherical synaptic areas) with neurons of the olfactory
bulb that project to higher cortical centers to effect the
perception of odors (Fig. la). A few years ago, Buck and
Axel [8] made a seminal contribution to this field by
identifying a large family of rat genes (-1000) that encode
G-protein-linked odorant receptors with seven trans-
membrane domains. Since then, homologous genes have
been identified in humans, mice and fish (reviewed in
[9,10]). Thus, it seems likely that each of the odorant
receptors interacts with a small number of stimulating lig-
ands. The exact organization of the genes in this family is
largely unknown, but preliminary information indicates
that in humans and mice they occur in clustered arrays
residing on several chromosomes (for example, see [11]).
Interestingly, neurons expressing a particular receptor are
confined to one of four broad, but not overlapping,
zones of the neuroepithelium [12,13] (Fig. lb and c).
There is, however, no correlation between zones of
expression in the epithelium and the chromosomal gene
clusters. Thus, odorant receptor genes belonging to a
given array may be expressed in the same or in different
zones a. Edmonson and R. Axel, unpublished results
cited in [7]). Within each zone, the various sets of neu-
rons expressing a particular receptor are distributed ran-
domly, but despite this intermingling, the connections of
the chemosensory neurons at the level of the glomeruli
are apparently very specific. Odorant receptor mRNAs
are present in the axon terminals of sensory neurons, and
this has made possible in situ hybridization experiments
with several different probes which have demonstrated
that, in most cases, axons from neurons expressing a par-
ticular receptor converge on one glomerulus of the olfac-
tory bulb [14]. From this anatomical configuration -
dispersed receptor-specific neurons in the epithelium that
converge synaptically in the bulb - we can surmise that
the olfactory bulb receives a two-dimensional map of
receptor activation that is eventually 'read' with speci-
ficity by the cortical olfactory centers.
The pattern of organization of the olfactory system has
started to look quite neat, but we could easily relapse
into a state of confusion about odorant discrimination, if
each of the sensory neurons that converge on a single
glomerulus were expressing more than one receptor.
Fortunately, it seems that this is not the case, and the
simplifying assumption that each sensory neuron
expresses only one odorant receptor gene is probably
correct. Although it is technically very difficult to prove
this point rigorously, statistical analyses of odorant recep-
tor gene expression in mice [12] and catfish [15] are con-
sistent with the assumption. Thus, neurons expressing
different receptor genes were scored by in situ hybridiza-
tion with different probes, either separately or in a mix-
ture. Combinations of probes were found to give
additive numbers of positive neurons, whereas if more
than one receptor is expressed by a neuron one would
have expected a lower score. Based on this emerging pic-
ture, Chess et al. [7] reduced the first of the problems in
odorant discrimination to one of gene expression.
Assuming a one-to-one correspondence between a
receptor and a chemosensory neuron, it is possible to see
how the brain can determine which receptor has inter-
acted with an odorant by identifying which neuron has
been activated. But how does a particular neuron choose
just one receptor gene for expression from a set of
around 1000?
The observed zonal patterning does not pose an imme-
diate obstacle to understanding, and can be left aside for
now by postulating the existence of zone-specific tran-
scription factors that appear as a consequence of posi-
tional information during development and interact with
scattered cis-acting DNA elements associated with sets
of odorant receptor genes. But for the sensory neurons
within a zone, which exhibit an apparently random
pattern of receptor gene expression, it is hard to avoid
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Fig. 1. (a) Schematic representation of the synaptic contacts between the axons of sensory neurons in the olfactory epithelium and the
dendrites of neurons within the olfactory bulb. Synapses occur in spherical areas called glomeruli. In each glomerulus, the terminals of
3000 sensory neurons synapse with various types of olfactory bulb neuron, some of which (mitral and tufted cells) project to cortical
olfactory centers. (b) Whole mount in situ hybridization with an odorant receptor 17 antisense RNA probe, indicating that, in the
depicted region of rat olfactory neuroepithelium, 17 is expressed within a well circumscribed zone. A section through the same region,
shown in (c), demonstrates that the hybridization signal is confined to the cytoplasm of individual sensory neurons spread in the
epithelium (the products of the histochemical reaction are blue). (Photographs kindly provided by Robert Vassar.)
the conclusion that, for each neuron, the choice of
receptor gene expression is - within a zone-specific
set - stochastic.
If this conclusion is correct, it leads to another problem.
Say a given receptor gene cluster consists of the set
A,(B),C..., A and C belonging to the same zonal set.
The random activation of A or C must be brought about
by an outside element, such as an enhancer. One can
readily envisage such an enhancer that restricts expres-
sion to just one of the genes in the appropriate zonal set
within the cluster - the enhancer's chance activation of
A, say, would preclude its activation of C and all the
other genes of the cluster in the same zonal set. But what
about the cluster A',(B'),C'... on the homologous
chromosome? Stochastic activation by the equivalent
enhancer is quite likely to activate a different gene in this
cluster - but then the assumption of a one-to-one
correspondence between neuron and receptor would be
violated. Thus, it is possible that when one gene - A,
say - is expressed, transcription of all other genes,
including its allele A', is precluded.
To test this model, Chess et al. [7] examined whether
odorant receptor gene expression is indeed monoallelic
within a given neuron, as predicted. To solve the prob-
lem of distinguishing between alleles, they used het-
erospecific hybrids - Mus musculus x Mus spretus F1 mice
- and identified polymorphisms in two odorant recep-
tor genes - 17 and 154 - on different chromosomes. A
more complex problem was how to examine RNA from
a specific neuron expressing a given receptor (17, for
example). Although feasible, the reverse transcriptase-
polymerase chain reaction (RT-PCR) was not applicable
in this case - how can you pick a single cell expressing
17, when such cells are present at a frequency of only one
in 1000-2000?
Although this problem seemed formidable, the authors
found a clever and simple solution. Using dispersed cells
of the olfactory epithelium, they extracted RNA from
cell pools of different sizes and tested for I7 expression by
RT-PCR. They found that, when the pool size was 200
cells, 10 % of the pools (9/90) scored positive for 17. If all
of the pooled cells were neurons (which is not the case),
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Fig. 2. A model of monoallelic odorant
receptor gene expression (which will
undoubtedly prove oversimplified). In a
proliferating basal cell, only the
enhancer (E) of an early-replicating
array of odorant receptor genes is
engaged with a protein factor (red),
which is present only during the first
period of S phase. In a descendant, non-
dividing olfactory neuron, the promoters
(P) of genes A and C (but not B), which
have the potential to be expressed in a
particular zone of the olfactory epithe-
lium, interact with zone-specific pro-
moter factors (blue). The stochastic
interaction (via DNA looping) between
the enhancer-bound factor and one pro-
moter (the A gene promoter in this case)
allows monoallelic expression (arrow).
the expectation would be that -18% of the 200-cell
pools would be positive (with an assumed frequency of
one cell in 1000 expressing 17, RT-PCR should give a
positive result with a probability of 1-0.999200°°=0.18).
Chess et al. concluded that, in most pools giving a posi-
tive result, only one of the 200 cells would be expressing
17. Tests with receptor 154 gave similar results. This
opened the way for the analysis, using the established
polymorphisms, of allele-specific expression in the
hybrid mice. The prediction of the model was fulfilled:
each pool giving a positive result for 17 or 154 was found
to express only one of the two alleles (the maternal allele
in some pools, the paternal in others).
At this point, it seemed worthwhile to examine whether
the correlation between expression and replication asyn-
chrony that has been found in other cases of monoallelic
expression could also be observed with the. odorant
receptor genes. Cedar and colleagues [16], for example,
had shown that imprinted genes are embedded in large
chromosomal domains (also including non-imprinted
genes) that replicate at different times during S phase of
the cell cycle according to their parental origin - pater-
nal domains replicate earlier than maternal domains.
Cedar and Simon, who had already joined the project,
therefore assessed the replication timing of the odorant
receptor genes - and yes, the chromosomal regions car-
rying the odorant receptor genes were found to replicate
asynchronously in the cells (erythrocytes and embryonic
fibroblasts) examined. But in contrast to imprinted genes,
in some cells the paternal odorant receptor loci replicated
first and in others the maternal loci replicated first.
Olfactory neurons are non-dividing cells, but the avail-
able results suggest that heterochronic replication of the
odorant receptor loci is likely to occur in the basal cells
of the olfactory epithelium that are the proliferating
progenitors of the chemosensory cells.
Could this replication asynchrony be coincidental and
unrelated to monoallelic expression? Hardly, is the answer
- it was found in every case when different probes
were used representing members of clusters residing on
different chromosomes. Moreover, statistical arguments
based on these results suggest that, in a given cell, all of
the arrays of odorant receptor genes replicate asynchro-
nously. Thus, it is unlikely that the replication asynchrony
is due to other linked genes, the odorant receptor genes
being just innocent bystanders. Asynchronous replication
and monoallelic expression appear to be causally related,
the latter depending on the former (but not vice versa, as
a difference in replication timing has been detected in
cells that do not express odorant receptors). But what is
the nature of the causal relationship between these two
phenomena?
The relationship between replication asymmetry and
monoallelic expression must be indirect, as the two
processes occur in different cells (replication in basal cell
progenitors and transcription in non-proliferating neu-
rons). One possibility is that replication asynchrony in
precursor cells confers the potential for monoallelic
expression in daughter cells, manifested after they differ-
entiate into neurons, possibly by providing a properly
marked 'substrate' for a transcriptional event, such as an
appropriately configured chromatin template. The com-
plexity of the system hides (for the moment at least) the
answer to the following question: is the early or the late
replicating odorant receptor allele in the progenitor the
one that will eventually be expressed in a given neuron
after differentiation? A convenient guess, for the sake of
discussion, is that transcriptional potential is assigned to
the early replicating odorant receptor allele (I wish all my
choices had a 50% of being correct).
We now come to the realization that pushing the discus-
sion much further is not very prudent - the facts are
precious few and the assumptions have started to pile up.
So any attempt at this stage to construct a global model
to account for the evolutionary emergence, developmen-
tal history and functional details of this new case of
monoallelic expression would be a futile exercise. But a
less ambitious model - admittedly with more holes than
Swiss cheese - may be useful for further thinking and
experimentation (Fig. 2). A simple view of the situation
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in a basal cell is that some factor binds to the postulated
enhancer associated with an early replicating array of
odorant receptor genes. If the concentration of this factor
oscillates during the cell cycle, so that it disappears rela-
tively early in S phase, the enhancer of the late replicating
array will be deprived of this crucial interaction. In the
daughter cells that differentiate into neurons, the factor
on the array that replicated early will interact stochasti-
cally with other promoter-bound factors to determine
which unique allele will be expressed. A further require-
ment is that each enhancer is cluster-specific and recog-
nized by a distinct oscillating factor, the expression of
which is regulated. Thus of the four choices the system
must make to pick an allele for expression - choice of
zone, array, gene and allele - the first and second may
both be controlled, and the other two stochastic.
Chess et al. [7] have also discussed alternative possible
mechanisms for generating monoallelic expression, such
as mechanisms involving DNA rearrangements, but these
are not my cup of tea and I shall refer the interested
reader to the paper. Space also precludes discussion of the
similarities and differences between odorant receptor
genes and other known cases of monoallelic expression,
but other opportunities will arise for such discussion.
These is no doubt that the Chess et al. paper [7] is only
the beginning of a saga that will continue to unfold in
many parts - my best bet is that they will surpass in
number the Rocky movies.
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